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1. 0 I NTRODUCTION

This Final Manufacturin g Methods and Technology Report presents the
results of a program performed by TRW I nc. , Cleveland , Ohio to furnish twenty-six
(26) sets of spiral bevel helicoptor gears made from AMS 6265 steel forg ings in
which the tooth forms have been precision hot forged to a semi-finished confi gura-
tion. The gear sets were forged at TRW in accordance with a process developed
under Army sponsorshi p, finished under subcontract at Litton Precision Gear Co.
and finally shipped to Boe i ng—Verto l , Philadelphia , Pennsylvania for dynamic
testing under direction of the Army Aviation Systems Command . The ultimate goa l
of this forging and testing program is to qualif y this specific precision gear
forg ing process for production use.

In accordance with contract provisions this report presents deta il s of
the forg ing process used to produce the gears including material certifications ,
applicable inspection results and observations relevant to the future imp l ementa-
tion of the process. Also included for information is a brief summary of the
background and current status of the gear forg ing process at TRW for the subject
gea r set.

_____ ________ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



2.0 BACKGROUND

Under AVSCOM sponsorship, TRW had developed a precision hot forg ing
process for producing CH-47 hellcoptor transmission gear blanks Contain ing
integrall y forged tooth forms . This process was cieveloped because of the potential
it offers for producing a metallurg icall y superi nr gear set with resultant im-
provements in mechanica l properties for critica l he licoptor applications. Also ,
the process offers the potential for reduced gear delivery time and cost.

The gear set chosen for this development and testing program was the CII-
47 helicoptor main transmision spiral bevel gea r and pinion . These gears , pro-
duced from AMS 6265 steel , transmit eng ine power at high speed to the reducing
gea r train to drive the ma in rotor, Basic gear and pinion drawing dimensions are
g iven in Table 2.1.

The current and conventiona l method for manufacturing these types of gear
sets consists of hot upset forg ing of round bar stock to form a pancake shaped
gea r blank from which the gears are machined , Gleason gea r grind i ng mach ines are
used to machine the tooth forms using a series of roL~h cuts to generate the
semi—finished tooth forms and then a series of finish grinds to meet fina l size
and surface finish. Carburiz ing and hea t treating are performed between rough
and finish grinds , and the amount of stock remova l left for finish grinding is
carefull y controlled to take best advantage of the surface properties produced by
carbur i z i ng.

The TRW precision forging process used in this program produces gear and
pinion blanks with integrally forged teeth which are controlled in size so that
the teeth can be carburized and finish ground without rough cutting. The ap-
pearance of the as—forged and finished gea r set is il lustrated in Figure 2.1.
The technique for precision forging the gea r blanks involves the use of a mechanical
crank type forg ing press. The press is a conventional desi gn single action type ,
widely available in industry and capable of hi gh speed production .

For the CH—47 hel i coptor gea r set chosen for this program , forging is
performed in 2 blows consisting of a hot preform blow followed i mmediately,
without reheating , by a hot coining blow whIch forms the tooth details. The
confi guration of the starting billet , preform forg ing and final forg ing, as they
appear in the above described forging sequence is shown in Fi gure 2.2 for the
p inion gear. The deformation sequence for the mating gear is shown in Figure 2.3.

During process development , which is described in detail in the Fina l
Report for Contract DAAJO1-69-C-O6 l4 , the major development tasks were: (1)
determ i nation of the optimum forg ing die cavity size to produce tooth forms with
a uniform and controlled envelope of grinding stock , (2) development of forging
ejection methods to prevent deformation of the tooth form during ejection of the
hot forging from the tooth form die , (3) development of billet plating and p lat-
ing stripp ing for protection against oxidation during forg ing, and (4) development
of billet and preform design to achieve sound and consistent fil l i n g  of the tooth

2
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Table 2.1

Basic Gea r and Pinion Dimensions

Pinion Gea r

Number of Teeth 35 43

Pitch 4.930 4,930

Pressure Ang le 220301 220301

Spira l Ang le (Mean) 25 0 0u1 L.H . 25°O” R .H.

Pitch Diameter 7.099 8.722

Pitch Angel (Basic) 39 0 9h1 50
051

Root Angle (Basic) 37°l ’ 48 0 1 1 1

Face Angle 410491 52°59’

Circular Tooth Thickness 0.344 to 0.337 0.291 to 0.294

Addendum 0.199 0.146

Dedendum 0.184 0.237

Norma l Chordal Thickness at P.D. 0.287 0.241

Load Side of Tooth Concave ConveX

3
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Fi gure 2.1. Spiral Bevel Gea r Set. Top: As-Forged Gea r , Left; Finishe d
Gear. Bottom : As-Forged Pinion , Left: Finished Pinion.
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form die. These process development efforts have led to a number of special
tooling and forging methods wh i ch constitute the only known successful process
for hot forging the difficult sp iral bevel gear configuration . A summary of some
of the basic forg ing data for this process is listed in Table 2,2.

The finishing of gear sets , which is performed by Litton Precision Gear
Co. , consists of essentially the same basic finishing operations as is used for
finishing gears that are cut from conventionally forged gear blanks. The tooth
forms themselves approx i mate the envelope of grinding stock exhibited by a typical
Gleason roug h ground blank. Some minor modifications are required to accomodate
the forged shape away from the tooth forms. The range of stock removal on the
tooth forms experienced during the finishing of forged gears during process
deve l opment versus conventional cut gears is presented in Table 2.3.

Results of a metallurg ical evaluation of forged gears performed during
process development indicated that forged gears exhibit an improved metallurg ical
structure compared to cut gears. In particular , mechanica l fibering was shown to
be essentiall y parallel to the tooth surface , and this is expected to provide
improved tooth toughness compared with conventionall y cut gea r teeth which
typically exhibit “end grain ” pattern and fibering perpendicular to the tooth
surface. An example of the favorable forged tooth m icrostructure is shown in the
tooth cross— section in Fi gure 2.4.

Results of sing le tooth fatigue testing performed on the spiral bevel
gears during the manufacturing development program (Contract DAAJO1-69-C-06l4)
indicate tha t the forged tooth is at least equivalent to the cut tooth in fati gue
properties. Because of the difficulty in comparative testing of spiral bevel
gears in overload conditions no comparative data was obtained during process
deve l opment on this particular gear set. However , in tests performed by other
investigators or forged spur gears , wh i ch can be more easily tested , forging of
the teeth was shown to produce significant improvements in tooth strength
properties.

The forg ing of spiral bevel gears and pin ions was viewed to be a way of
reducing the expensive and time consuming roug h cut operations on the limited
number of available Gleason mach ines . This could be a vital consideration under
mobilization conditions.

This program to supply twenty-six sets of spira l bevel gears made from
forgings with int egra ll~’ forged teeth represents a major step toward qualifi-
cation of the forging process for production. The gears furnished wil l  be
allocated by AVSCOM to Boeing-Vertol for dynamic testing in accordance with
accepted qualification procedures . TRW is interested in achieving full qua li-
fication of this process.

7
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Table 2.2

Gea r Forgin g Da ta

Ma ter i al  - APIS 6265 CVM s teel , hot ro ll finished bar

Billet Size - 3—1/2 in. diameter x 4-1/2 in. long (gear)
3-1/2 in. diameter x 11-7/8 in. long (pinion)

Heating Temperature - 1 950°F-2O50°F - 45 minutes

Billet Heating Atmosp here — exogas , 7:1 ratio

Die Temperature - 400°F

Transfer Time Furnace to Preform Die - 10 s, average

Transfer Time Preform Die to Coin Die - 12 s, average

6
Coi ning Load - 3 .5 x 10 pound s

Table 2.3

Raflge of Stock Remova l

Coast Side Drive Side Root

Cut Pinion (semifinished) 0.007 to 0.006 to 0.005 to
0.010 in. 0.010 in. 0.009 in.

Forged Pinion (as-forged) 0.008 to 0.005 to 0.005 to
0.013 in. 0.008 in. 0.014 in.

Cut Gea r (Semifinished) 0.009 to 0.011 in.

Forged Gea r (as-forged) 0.008 to 0.011 in.

8
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Fi gure 2.4. Cross-Section of Forged Tooth , Etched to Show Forging
Flow L ines.
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3.0 PROGRAM SCHEDULE

The program approach used to p roduce the deliverable finished gear sets
cons i sted of thr ee phases as descr ibed  in TRW ’ s Proposa l CR#M-82T. A descri ption
of these phases is presented be l ow.

3.1 Phase I , Proofing of Tooling and Equi pment

The first p rogram phase consIsted of too l proofing to verify the operative
status of the forg i ng tooling. At the start of the program TRW had a set of
forging tooling which had been subjected to wear tests during a simulated p ro-
duction run during the process development program. It was necessary to inspect
and refurb lsh the forging tooling by replacing and/or EDM resinking the tooth
form die. After refurbishment it was necessary to verify that the tooling was
capable of producing tooth form forgings whIch possessed the required finishing
stock on the tooth surfaces.

The metro logy available for evaluating the critical dimensiona l charac-
teristics of the spiral bevel teeth was not sufficient to measure the forg ing in
a way that would assure proper distribution of grinding stock for finishing the
teeth. Tool proofing was to be accomplished empirically by producing a small
quantity of forg ings made from an air melt version of the gear stee l and then
subm i tting these forgings to Litton Precision Gea r Co. for tooth form grinding
trials. The utility of the forging dies was judged on the results of these tooth
grinding operations.

In  add i t ion to tool p roof i ng,  these trials served to prepare the forging
equipment and to reactivate the skills of the gear fInishing subcontractor for
handling the integrally forged gear teeth.

3 .2  Phase II , Production Forging

The approach toward producing the twenty-six sets of gear forgings which
were finished and delivered for testing consisted of using the same forging
process as that developed and documented by TRW under AVSCOM Contract DAAJO1-69-
C-O6l4. Th is includes the drawing requIrements and the process parameters for
producing precision forged gear blanks to TRW engineering Drawings SK091460
(gear) and SKO91570 (pinion). In accordance with the Description of Work (Section
F.2) set forth in the contract , the material from which the gears were forged
conformed to AMS 6265 requirements. The raw material bar stock was 3.50 inches
in diameter and was finished machined to remove all surface defects. The billet
material used during the forging process was to be treated with nickel plate to
eliminate the formation of scale and pitting on resulting forged tooth surfaces .
Af ter the gea rs wer e forged , a controlled nicke l stripping procedure was to be
used to insure complete removal without excessive etching, leaving a smooth
surface suitable for carburizing and finish grinding.

10
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I t was intended tha t the forging of these gea r sets be accomplished in
the same manner as that which would be used during full scale production.
Because the del ivered gea r sets w i l l  be tested for qual i f i c a ti on of a p rocess ,
the process used to forge the gears rema ined bas ica l ly  unchanged through this
qualification activity.

3.3 Phase I I I ,  Gea r F in ish ing

As set forth in the contract , f i n i sh i n g of the for ged gea r b l a n k s  was to
be performed to meet Boeing eng ineering Drawings SK2227O (ll4D62k5) and SK22269
(114 06244). The process used for finishing had been especiall y developed for
forged tooth blanks. The forged teeth are used to locate the blank in a special
three point locating f ix ture to machine the mounting surfaces . After these
critica l mounting surfaces are established , the remaining finishing operations on
the teeth are the same as for producing the parts by the conventional method .

Gea r f in ishing was performed by Li t ton Precision Gear Co. who is the
current supplier of the subject gear set and who performed finishing for TRW
dur ing process development on Contract DAAJO1-69-C-O614 .

11



4.0 RESULTS AND DISCUSSION

4.1 Tool Proofing Phase

A too l proofing phase was undertaken to verif y the adequacy of the equi p-
ment and tooling on hand from the development program to produce the optimum
forging confi guration.

4. 1 .1 Equi pment Preparation

4 .1.1.1 Forg ing Press

A new motor pulley was installed on the 2000—ton mechanical forge
press to increase the fl ywheel speed from 40 to 80 rpm and thereby produce the
required energy for gea r and pinion forging . The installation of new drive belts
and other accessories required for gear forging such as too l heating torches and
ejector rods was performed .

The standard production tooling nests were removed and replaced by a
heavy die nest built for the gear forging during the previous gea r forging develop-
ment contract. This die nest consists of precision die holders and two guide
col umns to maintain alignment of punch and die during the forging stroke .

4.1.1.2 Heating Equipment

For heating the forging billets to the hot forging temperature
ra nge , a Genera l Electric rotary hearth furnace was moved to the vicinity of the
forg i ng press. A pipe line with a gas flow meter was installed to supply exogas
to the furnace chamber. A natura l gas flame curtain was installed at the entrance
of the furnace to burn off excess exogas and to minimize oxygen contamination of
the furnace atmosphere.

To assure that the exogas system was adequate to prevent scaling o~
the p la ted forg ing billet at 2050°F , a trIal heating run was made w i t h  a nickel—
plated 2steel bar sample. With this sample it was found that an exogas flow of
700 ft~/hour was sufficient to prevent any appreciable scaling of the billet
during heating.

4.1.2 Refurbishment of Forging Tooling

4,1. 2.1 NDT Inspection

Gear and p i n i o n for gi ng tool i ng,  a v a i l a b l e  f ro m the develo pme n t
contract , was d im en s i onal ly  inspected and dye penetrant inspected . Particular
attention was given to the punches and dies which contact the work during forg-
ing . The gea r preform dies , wh ich had been used for a production run to study
die wear and forging reproducibility, were found to be heat-checked and required

12
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resinking. The hot coining tooling, which includes the tooth form punch , was
found to be in good condit ion. Because th is  too l Ing had produced good forgings
during the final phase of the development program it was decided not to resink
them .

4.1.2.2 Rework ing of Gear Tools

The gear preform tooling was resunk to eliminate severe heat crack-
ing on the workin g surfaces. Resink depths of 0.160” and 0.156” were required on
the die and punch respectively to completel y clean up all deteriorated surfaces.
During the machinIng of these tools , dye penetrant was used to mon i tor the progress
of crack removal. Increments of .03O- .04O” metal remova l depth were cut until no
indications were seen by dye penetrant inspection.

The action of the cutting too l on the preform dies and punch during
resinking indicated that the heat of forg ing p roduced a soft surface layer over
.100” deep on the working surfaces. This layer was removed by the resink depths
indicated above . To compensate for the depth of resink , two shim plates were
machined to a thickness of 0.156” and 0.160” in order that the correct shut
hei ght could could be obtained in the forg ing press. Material from the develop-
ment contract was on hand for these shims .

4.1.2.3 Reworking of Pinion Tools

Because of the severe crack in the hot coin pinion punch which
contained the tooth form , a new punch was made . Material for the replacement
punch was available from the development p rogram in the form of a semifinished
heat treated H-26 stee l slug which was complete except for the tooth form cavity.
The tooth form was machined by the EDM method using electrodes available from the
third and final development pinion confi guration. EDM machining data for the
pinion is shown in Table 4.1. Three basic types of electrodes were used as
ind i cated in the table. These consisted of the “8M” series graphite electrodes
desi gned with large overburn for rap id rough cut , the “8s” series graphite with
.015’’ overburn for semifinish , and ‘ ‘ BS ’’  series brass with .001’’ overburn for
finish cut. A cam was used on the EDM holdi ng fixture to provide an average
rotational lead angle of 17 °50’. This lead ang le was found to minimize cutting
time .

The EDM resinking of the pinion uncovered a 1/8” diameter hole in
one of the tooth cavities near the bottom of the punch cavity. It was found that
this hole was the extension of a thermocouple hole extending through the entire
punch thickness. Apparently the hole had been drilled too deep dur ing the semi-
finish machining operation. Re—examination of the too l drawing showed that the
actua l depth of the hole was approximately 5/16” longer than called for. A
decision was made to use the punch with the hole because the location of the hole

13
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was such that it was not like l y to cause a problem dur ing forging . As an added
precaution , the hole was filled with a metal rod insert to minimize its effect on
metal f low .

After EDM machining, all dies and punches were g iven a li ght grit
blast on the working surfaces to reduce the shallow surface degredation pro-
duced by EDM machining and to provide a matte surface for retaining die
lubricants.

4.1.3 Preparation of Forg ing Billets

For both the gear and pinion too l proof forg ing, AISI 1018 steel was
used for tooling s~~-uo and 9310 steel was used for forging test parts which were
sent to Litton Precision Gear Co. ~or verification of tooth geometry. The 9310
grade of stee l was used to economicall y simulate the behavior of AMS 6265 steel
because these steel grades have essentially the same composition . An air melt
version of 9310 was used .

4.1 .3 .1 Gear Billets

Gear billets were machined to the dimensions of TRW Drawing SK121470-
3. The nominal billet  size is 3.500 ± .005 diameter x 5.50 long with a 1/2” dia-
meter radius on one end. For set-up, the 1018 billets were machined to various
lengths in the range 5.375 to 5.625” for use in determining the optimum billet
volume . The 9310 steel billets were machined to fina l size on the O D .  only.
After completion of the tooling set—up , when the optimum billet vo l ume was
determined , the 9310 billets were cut to final length. The 0.D. surfaces were
ground to finish size on all billets to minimize surface machining marks which
mi ght act as crack initiation points during forg i ng . After machining, all b illets
were nicke l flash plated to a thickness of .0010 to .0015” as protection against
scaling and decarburization during heating. Twelve 1018 steel and ten 9310 stee l
gear billets were prepared for the tool proofing phase.

4.1.3.2 Pinion Billets

The pinion billet configuration is a 3.500 .005” diameter x 5.925
long cylinder with a tapered 6.125” long stem as described in TRW Drawing SK092270.
For these billets , the same general scheme of preparation described in Paragraph
4.1.3 .1 for gear billets was implemented .

4.1.4 Forging

Forging of gears and pin lons was performed in accordance with the
parameters established during the previous development program. Tooling set-up
was accomplished with 1018 steel billets to obta in the confi guration shown in the
appropriate forging drawings. Because tooth form dimensions are determined by

15 
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the size of the die cavity and die and b i l l e t  temperatures , the major set-up
parameters were flash and web thickness to assure that the relative l ocation of
the teeth with the inner web of the forg ing was optimum for machining. During
tooling set—up, five gear billets and six p ini o n billets were required to obtain
the desired configuration with 1018 steel. After set-up , eight gear and five
pinion too l proof forg ings were made w i th 9310 steel. Forg ing parameters are
summarized in Table 4.2.

Some difficulty was experienced in obtaining an even distribution of
material around the circumference of gear and the p ini on forg ing s . This problem
was found to be associated with the clearance between the press ram and its
guides which resulted in random axial mi s a l i gnment of the punches and dies .
Misali gnment present during the preform forging resulted in non—symr ietricai
preform confi gurations which the affected mater~ ai distribution at the hot coin
station . These alignment problems were not serious enough to prevent f i l l i n g  of
the die cavities , but did result in uneven flash distribution in the finish
forgings. The same type of uneven flash distribu tion occurred during the development
program and did not affect the finished gear confi guration .

The degree of f i l l i n g  obtained for both gear and p inion forg ings was
comparable to that obtained during the development program. Areas of minor
underfill occurred near the top and bottom corners of the teeth , but these areas
are not within the finish envelope.

4.1.5 I nspection of Tool Proof Forgings at TRW

Inspection of too l proof forgings consisted of dimensional inspec-
tion of flash , web thickness and tooth diameter. A summary of dimensional in-
spection data for gea r and pinion forg ings is g iven in Table 4.3. The forg ing
drawing requirements are also shown for reference , Readings of flash and web
thickness were taken at four locations , 90° apart.

For gears , flash thickness was slightly smaller than opt imum whiie
other dimensions were within the optimum range. Pinion measurements ind i cated
that flash and web thickness were nea r nom i nal but tooth diameter was sli ght l y
la rger than orig inally desi gned . Comparing the dimensions in Table 4,3 with the
finished gear dimension , it appears that the mach in ing envelope would be suf-
ficient for machining of all forgings.

4.1.6 Verifica tion of Forged Tooth Geometry at Litton

Three pinion forg ings and three gear forgings were sent to Litton
Prec ision Gear Co. for verification of forged tooth character istics. At Litton
the fo rg ings were inspected , process machined and processed through tooth grind-
ing to determine the machining stock envelope on the teeth. A summary of the
stock remova l results is listed in Table 4.4.
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Table 4.3

Dimensiona l Inspecti on Da ta for
Tool Proof Fo rg in g s

GEARS
Flash Thickness 

— 
Web Thickness Tooth L)iameter

Serial Aim 0.180 020’’ Aim 0.688 ± 020’’ Aim 8.976 0.15’’
No. 1 2 3 4 1 2 3 4

TP6 .155 .148 .140 .148 .667 .665 .661 .662 8.980

TP7 .160 .152 .145 .150 .672 .67 1 .668 .667 8.97 2

TP8 .161 .155 .150 .155 .674 .672 .670 .669 a.98l

TP9 .158 .154 .146 .148 .672 .671 .667 .669 d.959

T P I O  . 162 .156 .153 .152 .674 .675 .665 .670 8.975

TP 11 .158 .152 .144 .143 .670 .668 .667 .664 8.981

TP12 .159 .154 .148 .1 51 .670 .67 0 .665 .664 8.977

TP1 4 . 1 58 . 1 54 . 1 46 . 1 48 .674 .674 .666 .663 8.961

P I N I O N S
Tooth

Flash Thickness Web Thickness Diameter
Serial 0.100 ± 020’’ 1.863 ± 020’’ 7.563 010’’
No. 1 2 3 4 1 2 3 4

TP7 .100 .088 .095 .109 1.876 1.874 1.873 1.880 7.565

TP8 - .094 .101 .109 1.869 1.872 1.875 1.876 .575

TP9 - .092 .92 .105 1.878 1.878 1 .873 1.878 7.580

TP1O .095 .104 .95 .106 1 .880 1.875 1.876 1.871 7.582

TP1 1 .075 .101 .107 .102 1.863 1.873 1 .876 1.870 7.589
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Results for the gear Ind icated that the gear forg ing tooling con-
figuration was near optimum and required no rework for this program . Pinion
stock removal results were further from the optimum range but complete clean up
of tooth surfaces was accomp lished without excessive stock removal. The vendor
Indicated that the low range of stock remova l on the p inion tooth drive sides
could be increased to the optimum range if the coast sides were cut shallower.
During these machining trials , the coast side was inadvertantl y cut too deep
(.009- .0l2) which then limited the range of stock removal available on the drive
side. The total ranges of stock remova l for the coast and drive sides were nea r
optimum . With these results it was concluded that the tooth form confi gura t ion
in the pinion die is not si gnificantly different from that obtained during
development and should be used for production forg i n g .

Magnaflux tests performed on the pinion tooth surfaces indicated
line defects on 1-2 teeth on all three test p ieces. These crack ind i cations
would cause rejection if present on production parts. Because the cracks consistentl y
occurred near the area of minimum flash , it was assumed that the cracking problem
was associated with die ali gnment. Therefore , these defects were not considered
to be cause for tooling modification and the tooling and equipment was considered
to be read y for production forg ing.

4.2 ProductIon Forg i n g

Results of gear tooth machining performed on too l proof fo rg i n y s , descr i bed
in Section 4 1 , indicated that the confi guration of the tooth form forg ing dies
was within the optimum range. Therefore production forg ing activity was mi-
m e d i a t e l y in i t i a ted .

4.2.1 Procurement and Inspection of Billet Mater ial

Forging billet material was procured to the requirements of AMS 6265
as set forth in the contract and applicable Boeing draw ings. Material was
purchased in the form of 6-8 foot lengths with a rough ma chined 0.0. of 3.520-
3 .536. Certifications showing che mi cal ana l yses and metallurg ica l and mechan ica l
properties as supplied by the material vendor are reproduced in Fi gure ‘~4 .1 .
Ori g ina l copies of the certifications are on file at TRW . TRW inspection of
billet material consisted of a rev i ew of the vendor ’s material certification and
dimensional inspection of length and 0.0.

4.2.2 Billet Preparation (Gears and Pinion s )

In preparation for production forg i ng , forty-two (42) AMS 6265 gear
and pinion billets were machined to Drawings SKl2l47O- 3 and SK092270 respec tively ,
The 0.0. surfaces of the billets were finish ground to a surface finish of 32 rms
or better to minimize the presence of machining marks which could act as crack
initiation points during forging. A ground finish is also desireab le to minimize
die frictIon during forg ing and to promote a smooth surface In the finished part
which would facilitate set-up for tooth form grind i ng .
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After machining , a l l  b i l l e ts were ni ckel f l a s h  p lated to a plating
thickness of .0010 to .0015 as protection against scaling and decarburization
during heating.

4.2.3 Production Forging (Gears)

Production forg i ng of gears was carried out using the same heating
a nd for g ing parameters used during the too l proofing phase. The forg ing press
was modified to Increase flywheel speed and the die nest and tooling was installed
and set—up. Billets machined from mild steel were used to achieve tool ali gnment
and flash thickness comparable to that obta i ned during the tool proofing run ,

Ac tu al for g ing of AMS 6265 b illets was c a r r i e d  ou t i n  ba tches of
five pieces which was convenient for bill e t  heating . Five billets were charged
at 5 minute intervals in a rotary hearth resistance heated furnace with an exogas
atmosphere. After 45 minutes of heating at 2050°F , billets were removed for
forg ing at 5 minute intervals which resulted in a uniform total heating time for
all billets. After each forg ing run of 5 billets , one of the forg ings was measured
for flash thickness and web thickness before proceeding to the next forging run
in order to insure that proper die alignment was being maintained . Forg ings were
air cooled and then serialized with a metal stamp after forging. A total of 39
for g ings were p roduced with AMS 6265 steel.

4.2.4 Cleaning and Remova l of Nicke l Coating (Gears)

In preparation for inspection and eventual heat treating, carburiz-
ing and gea r finishing, forgings were subjected to a sequence of grit blasting
and chem i ca l treatment to remove scale and to dissolve the nicke l coating .
Remova l of the nicke l coating is essen tial in order to provide a suitable surface
for carbur iz ing .

4.2.5 Inspection of Forgings (gears)

Dimensional inspection of the gear forg i ngs consisted of measurement
of flash thickness and web thickness (both at 4 locations) and of the overall
tooth diameter. Results of dimensiona l inspection , listed in Table 4.5 indicate
that these production forgings are essentially identica l to those forged for the
too l proofing phase. Thus , the production forging run for gears was successfull y
completed .

4 . 2 . 6  ProductIon Forg i ng (Pinion)

Resu l ts of pinion machIn ing on too l proof forgings performed at
Litton indicated that although the tooth form configuration was acceptable , the
forgings each contained a crack defect on 1-2 teeth which would be cause for
rejection during finishing. Because the crack consistentl y occurred near the
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Table 4 .5

Dimensiona l Da ta - Gea r Forgings

Forg i n g  Flash Thickness Web Thickness Tooth Form
Serial Range Range Diameter
— No. (in.) (in.) (in.)

.149- .17l .672- .678 8.993
2 .155- .l74 .677- .679 8.996
3 .l46- .175 .672- .68l 9.002
4 .l Z+9- .17l .677- .683 8.98 2
5 .148- .175 .672- .677 8.99 0
6 .147- .l68 .676- .678 3.990
7 .l48- .169 .673-.677 8.985
8 .154 - .l73 .675- .681 8.986
9 .l-48- .1 67 . 673- .679 8.986

10 .l 53- .l 76 .675- .68 l 8.986
11 .l49- . l66 .6 71- .675 8.988
12 .14 7- .l75 .673- .6 77 8.989
13 .l 51- .l69 .6 73- .6 76 8.988
14 .i47- .171 .673— .676 8.98 1
15 .148- .l70 .673- .676 8.98 0
16 .15O- .166 .671- .674 8.997
17 .148- .l68 .673-.675 8.981
18 .11e8- .l70 .675- .677 8.988
19 .i 50- .l 72 .672- .677 8.993
20 .lLi8- . l64 .672- .6 78 8.985
21 .151- .l74 .675-.68l 8.992
22 .l 5O- .167 .670- .680 8.993
23 .l53- .17 0 .677- .682 8.988
24 .153- .l75 .675- .681 8.982
25 .l56- .l80 •6 75- .682 8.992
26 .1 L +9- . l69 .675- .679 8.986
27 .l54- .170 .675- .6 79 8.98 9
28 .11e8- . l7 1 .673- .678 8.986
29 .1 53- .172 .678- .679 8.977
30 .1 51- .173 .676- .68l 8.989
31 .150- .l74 .675- .678 8.993
32 .l 5O- .1 73 .678- .684 8.982
33 .149- . l72 .678- .6 82 8.985
34 .l54- .l77 .680- .683 8.996
35 .141- .l69 .677- .68l 8.983
36 . l49- .169 .674- .680 8.990
37 .l52- .168 .673- .679 8.985
38 .146- .174 .673- .679 8.997
39 .1 5 l- .l 70 .674- .680 8.990
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area of minimum flash , it was assumed that the cracking problem was associated
with die ali gnment. Therefore , production forging was undertaken with the
intention of improvin g dIe alignment to remedy the cracking problem .

Tooling was installed and set-up using mild stee l billets. Various
components of both the preform and hot coin tooling were rotated to minimize the
stack up of misali gnment which can occur In the overall set-up. Ali gnment was
then measured by lead readings taken at 4 loca tIons 90° apart near the circum-
ference of the working tools. These readings indic ated a total range of less
than .006” for the preform side and less than .003” for the finish side. A
sli ght modification was also made to the stem of the p inion bille t  to insure
pos itive seating during forg ing as a precaution against misalignment due to slop
in preform location. These ali gnment procedures resulted in improved flash
distribution around the circumference of the pinion.

Production forg ing with AMS 6265 b illets was performed with the same
furnace heating procedures used with the gears except that only three billets
were charged per furnace load. The crack defect appeared in some of the forg ings
early during the forging run and therefore the forging run was temporaril y dis-
continued to again analyze the problem . Because ali gnment was good , other pos-
sible causes were considered .

It was first assumed that the crack defect occurs during the hot
coin blow and is not present in the preform . This was determined by visual
inspection of a number of preforms. The possibility of therma l cracking was also
investi gated because of the large variation in section size in the p inion forg ing .
The following steps were taken to minimiz e temperature differences while the
forg i ng was in contact w i t h  the die and during cooling after forg i ng .

1. The forging temperature was lowered from 2050 to 1950 °F .

2. The bi l l e ts  were treated with a ceramic coating.

3. Forg lngs were s low cooled in sand graphite mix ture .

4. Dies were reheated after each blow .

These variations resulted in a slight decrease in the apparent length of the
crack bu t did not decrease the frequency of occurrence of cracks.

During forg i ng there was no practica l way to positivel y determine
whe the r or not a g i ve n forg ing was cracked unless the crack could be seen visually.
Because of the tightness of the crack it was difficult to determine whether or
not the apparentl y uncracked forgings were in fact good . Because of this un-
certa inty combined with the problem of limited equipment time availability, the
forg ing run was continued in an attemp t to obtain as many good forg ings as pos-
sible using the available billets. A total of forty—one (41) forg ings were
p roduced .
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4.2.7 Clea ning and Removal of Nicke l Coating (Pinions )

All forgings were blasted and chem i cally treated to remove scale and
to d issolve the residua l nicke l coating.

4 .2 .3  Inspection ( Pin ions )

I mmediately after cleaning and nicke l remova l , the p inion forg ings
were dye penetrant inspected to assess the extent of the cracking problem . Dye
penetrant results for the forty—one (41) forgings were as follows :

17 pieces - no indications

3 p ieces - minor indications

21 p i eces — major crack indications on 1-2 teeth

41 pieces tota l

Dye penetrant inspection revea l ed cracks on a number of forg ings which passed
cursory visual examination. No apparent relationshi p between forgings parameters
and crack occurrence was found.

4.2.9 Analysis of Pinion Defects

The analysis of pinion defects encountered during forg ing was con-
tinued . To establish the nature of the defect , an electron microprobe analysis
was performed on the cross section of the defect surface film at the l ocations
shown in Figure 4.2. Quantitative anal ysis of characteristic radiation emitted
by the surface film identified the film as residua l nicke l plating. Measured
nicke l contents for three l ocations obtained by measuring K~ radiation intens ity
of the speci men versus a known standard , are shown in Figure 4.2. This data
identified the forging defects as laps or seams and it was assumed that these
occurred durin g the final forging blow.

Remediai action for this type of defect would normally consist of
preform and tooling desi gn mod ifications to adjust metal flow characteristics
during the hot coin blow. This action may require several time consuming design
it era ti ons wh i c h  were no t i nt ended i n the or i g inal scope of the program. There-
fore , in  the in teres t of p rov i d i ng the requ i r e d  tes t par ts , TRW p roceeded w it h
p lans  for a second pin io n forg ing run anticipating the same leve l of scrap rate
experI en ced du ri ng the i n i t i a l  production run.

4.2.1 0 Bi l l e t  Preparat ion For The Second Pinion Forging Run

B i l le t  mater ia l  for the second pinion forg ing run was procured . The
mater ial was rece ived i n  two heat lots , both conforming to AMS 6265. (One of the
hea ts was the same as that procured for the previous forg ing run.) Material
cert ification for the other heat is reproduced in Figure 4.3 and is retained on
f ile at TRW .
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Location Weight ~ Ni
A 78.4
B 72 .2
C 66.6

Fi gu re 4 .2.  Nickel Content of Surface F i lm on Pinion Tooth
Defec t .  250X
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The bi flet material was machined into forg ing billets , incorporating
a sl i ght modification to the billet design to provide added billet vo l ume . This
modi f icat ion cons isted of add in g 0.100 inch to the bi l l e t  length which increased
the total length from 11 .950 to 12.050 inches. The increased length was intended
to provide a more uniform distribution of forg i n g  flash with the intent of helping
to alleviate the forging crack problem . After machining, the billets were in-
spected and nicke l p lated in accordance with previousl y described procedures.

4.2.11 The Second Pinion Forg ing Run

The second p i n i o n  forg ing run was concerned with both production
for g ing of pinions to produce the hardware required for finishing , and for g ing
tests to determine the cause of forging line defects found i n  pinions . This
production and testing activity was run concurrently with the intention of using
defect—free forgings produced during testing to meet p roduction requirements.

For g ing tests to remedy the forg ing line defect problem consisted of
the following specific approaches :

1 . The variation of billet vo l ume to determine the
influence of die f i l l i n g  and flash characteristics.

2. Zyglo inspection after the preform blow to detect
possib le defect initiation in the preform stage.

3. Monitoring of defect occurrence and location as
related to die posit ion , orientation and occurrence
of flash and die alignment.

After norma l forging preparation consisting of forge press modif i -
cation , die nest and tooling installation and alignment , and heating furnace
preparation , trial forging was initiated using the same procedure used during the
f irst forg ing run. As anticipated , this procedure resulted in a hi gh scrap rate
due to same type of l i ne  defects  found over 1-2 teeth during the previous run.
In subsequent forging trials in which the above test variations and procedures

wer e used , it was found that billets with increased vo l ume and a matte surface
f inish resulted in a high percentage of defect-free forg ings. Also , Zyglo
surface inspection of parts which had been cooled down after the preform blow
detected the line defec t (approx i matel y 3/4 - 1 1/2” long) at this preform stage;
and af ter rehea ti ng and for gi ng , this line defect was positively traced to the
defect which had been occurring on the fina l part. This line defect had pre-
v i o u s l y  e luded de tec ti on in the p reform stage , probably because of its inter-
mittent occurrence.

Exam i nation of the line defect ind i cated that it is a ti ght forging
la p which occurs during the preform blow and which is carried over to the finish
blow . The lap occurs with a circumferential orien tation in the preform and is
not visuall y detectable during transfer of the preform to the finish die when the
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part Is hot. If the preform is cooled down , the defec t can be v i s u a l l y detected
and can be quickly removed by simple grinding . For future production the defec t
can be eliminated by the use of larger volume billets in which the surfaces n
contact with the die have been ground to produce a matte finish without cir-
cumferential too l marks . Specificall y, a billet length of 12.050” and a matte
surface finish of 16—20 rms wi l l  produce defect free forg i n g s .

Havin g established the nature of and the remedy for the line defect
which had been occurring in p inion forg ings , forging trials were continued to
produce sufficient parts for finishing and to further investi gate the defect
problem . Using the available billets with larger vo l ume and ground surface ,
sufficient parts were produced as required to complete the finishing require-
ments. However , during the final stages of forg i n g ,  the too th fo rm d i e  f r a c tured .
Although the fracture was completel y throug h the die in three places , the des i gn
of the die holding fixture was such that forging was continued , for test purposes
only, with the fractured die. These last forg ing trials with the fractured die
were made to verif y the cause and remedy of the line defects.

Parts produced during this second pinion forg ing run were processed
through blasting and nicke l stripping and were Zyglo inspected for line defects.
Twelve forgings which were free of defects and which were made before die crack-
ing occurred were set aside for finishing . This comple ted the p i n i o n  fo rg ing
requ i rements.

4 .3  Gear F in i sh ing

In accordance with the Description of Work in the contract , the forged
gear blanks produced at TRW were finish fabricated to Boeing Engineering Drawings
SK22270 (ll4D6245) and SK22269 (11 L 4D6244). Finishing was subcontracted to Litton
Precis ion Gear Co., Ch i ca go , I lli nois. Litton is the current supplier of this
gear set to Boeing and participated in the finishing of the forged gear blanks
during process development.

A total of 35 g ears and 17 p inions for the first forg ing run were sent to
Litton. This first subcontract was for finishing 26 gears and 14 p inions with
the balance of the forgings to be used as spares if required .

In view of the hi gh scrap rate experienced during previous finishing
trials , ways to minimize scrap losses were discussed with the vendor. The vendor
po i n t ed out tha t high scrap problems experienced in the past were usuall y a
result  of some sma l l loca l ized defect which could not be assessed in the as-
forged condition . As a result , the defect exhibited itself only during finish
grinding at which point a considerable investment had already been made in the
part.
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To m i n i m i z e  t hes .- p o t e n t i a l  h ig h scrap losses , a p r e l i m i n a r y  green
grinding operation was added as a screening procedure before heat treating and
‘ in i s h  g rinding. The inexpensive green grind operation was used to remove a
n i n i- ’~al amount of stock from the tooth surface to determine the potential for
clea ning up during fin ish gr inding. A fter passing the green grind test , t he pa r t
.-~as carbur i zed , heat treated and fin i s h  g round as normal. Because of the small
am ount of material removed (about .002- .005’’) this scheme did not si g n i f i c a n t l y
affect the relationship of forg ing flow lines to the tooth geometry. Also , since
the greer grind was performed before heat treatment , the amount of stock removed
after carburizing was not affected . Green grinding was successful in determining
t ha t the gear  and p i n i o n  f o r g ings f rom the first forg i n g  run  were sound and
su itable for final f i n i s h i n g .

To complete the deliverable gea r finishing requirements , twe l ve (12)
forg ings from the second p inion forg ing run were sent to L i t ton  as a second batch
while the first batch was in process.

Among the 35 gears and 17 p in ions from the 1st fo rg ing  run sent to L i t ton
for finishi ng, Li tton selected the 26 gear forg ings and 14 p i n i o n  f o r g i n g s  w h i c h
they judged , by visua l examination , to have the best tooth surface finish and
therefore the optimum finishing characteristics. These selected forgings all
y ielded good parts and demonstrated an acceptable pattern of stock removal on the
tooth forms . Likewise , a l l  fo rg ings from the second pinion forg i n g  r u n  y ielded
good finished parts.

TRW received written certification that the finished gears and p in i ons
met the requirements of Boeing Drawings SK22270 and SK22269 and that the parts
were processed w i t h i n  a q u a l i t y  system conforming to MIL- Q-9859A .

Wi thin the course of fini s h i n g  operat ions at Litton , a number  of m i nor
deviations to the Boeing prints were generated , and approva l of these deviations
was obtained from AVSCOM after technical consultation with Boeing. It should be
pointed out that these deviations were jud ged to be typical of those normall y
experienced on these parts and that the deviations were not associated with the
forg ing process.

A list of delivered gea r and pinion part serial numbers show i ng heat
number and approved deviations is g iven in Tables 4 .6  and 4. 7 respec t i ve l y .
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5.0 SPECIAL DIMENSIONAL DATA

This section presents specific tabulated dimensiona l data required by
Section F.2 of the contract. The data consists of inspection measurements per-
formed on forged gears and p inions at a l0~ inspection level and on plastic die
moldings made from the tooth form die. The specific characteristics inspected
are shown schematicall y in Fi gure 5J and the required tabulated data for gear
forg ings , p inion forg ings and die moldings are presented in Table 5 .1.

The procedure used for performing the inspections is set forth in Ap-
pendix A of the fina l report to Contract DAAJOI-69-C-0614,
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6.0 CONCLUSIONS

1 . Gear and pinion forg ings produced during this program exhibited good
tooth form characteristics with an acceptable grinding stock envelope.
This indicates that the tooling methods developed ea r l i e r  are su i t ab le
for production use.

- ;  2. The most serious manufacturing problem with this process is the dif-
ficulty in posi tively detecting small surface defects or tooth form
irregularities which may not clean up during finishing. Because a forged
surface inherently contains some surface irregularities , it is difficult
to judge the depth of these surface features and their  affect on the
ab i l i ty  of the part to be f in ished w i t h i n  the required gr ind ing  envelope .

H 3. The addi t ion of a p re l im inary  green gr ind as a screening procedure
performed before f i n i sh ing  appears to be a worthwhile procedure in view
of the relatively low cost invo lved , This procedure screens parts which
may contain hidden surface defects or tooth form irregularities and also
p rovides a smooth surface for locat ing during f i n i sh ing .

4. The importance of maintainin g accurate forging too l alignment was
demonstrated during this p rogram. Sli ght misalignment , as would be
caused by slop in the forging press ram , can cause too l failure. The
tooth form die is the most susceptible to breakage because the tooth
configuration is a natura l notch form. Also , the pinion tooling is
more susceptable to breakage than t he gear tool ing .

5. Successfu l performance of the TRW forged gears in the qualification
tests be ing conducted by Boeing would provide a v i ab le  a l t e rna t i ve
to total G leason machining of such hi gh performance components. 
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